In order to find a simple and efficient simulation for plasma spray process, an attempt of modeling was made to calculate velocity and temperature field of the plasma jet by hexagonal 7-bit lattice Boltzmann method (LBM) in this paper. Utilizing the methods of Chapman-Enskog expansion and multi-scale expansion, the authors derived the macro equations of the plasma jet from the lattice Boltzmann evolution equations on the basis of selecting two opportune equilibrium distribution functions. The present model proved to be valid when the predictions of the current model were compared with both experimental and previous model results. It is found that the LBM is simpler and more efficient than the finite difference method (FDM). There is no big variation of the flow characteristics, and the isotherm distribution of the turbulent plasma jet is compared with the changed quantity of the inlet velocity. Compared with the velocity at the inlet, the temperature at the inlet has a less influence on the characteristics of plasma jet.
Introduction
Plasma jets are widely used for corrosion-, heat-, and abrasion-resistant coatings of monolithic and nearnet shapes of metallic and ceramic parts [1, 2] . Nowadays, plasma jets have also been applied to the field of rapid tooling (RT) and waste treatment [3] . As the state of plasma jet influences the velocity, the temperature and the melt fraction of the sprayed powder particles, it can affect the quality and formability of thermal spray coatings. Because of high temperature (up to 10 4 K), high flow velocity (up to several hundred meters per second) and great gradients in plasma jets, it is not easy to exactly diagnose the characteristics of plasma jets. A theoretical modeling is an important tool to improve the understanding of the plasma process. Many researchers have carried out modeling and simulation of the plasma jet by SIMPLE algorithm, or compute fluid dynamics (CFD) software such as LAVA, FLUENT, and PHOENICS [4] [5] [6] [7] . These well-established models are extraordinarily helpful to improve the understanding of the physical nature of the plasma jet, the relationship between the key process parameters and the effective control of the coating quality. However, to the authors' knowledge, the reported models are mainly at the macroscopic level and are based on the finite difference method (FDM) or the finite element method (FEM). Generally, in these models the SIMPLE (or SIM-PLER, SIMPLEST) algorithm and stagger grids are often used to solve the large equations set, where the unsuitable pressure must be eliminated. As a result, the program becomes complex and the simulation speed is slow. In order to find a simple and efficient calculation for the plasma spray process, an attempt of simulating the plasma jet by the lattice Boltzmann method (LBM) at the microscopic level is made in this paper.
Lattice Boltzmann was put forward with real variables in 1988 [8, 9] , which is developed from Boolean Lattice Gas Automata. The single relaxed lattice BGK [10] simplifies LB equation and has more flexibility and efficiency. Since then the LBM has been widely used for modeling physical systems [11] and solving partial differential equations, especially in CFD [12] . Unlike conventional numerical schemes based on discretization of macroscopic continuum equations, LBM constructs simplified kinetic models that incorporate the essential physics of microscopic or mesoscopic processes so that the average properties obey the desired macroscopic partial differential equation. The special character of lattice Boltzmann method is its simple idea and instinctive physical picture. It also provides easily implemented, fully parallel algorithms and the capability of handling complicated bounds.
Numerical model

LB evolution equation for plasma jet
The basic assumption of calculation is that the jet is in a local thermodynamic equilibrium state and is optically thin. The calculation domain is the section parallel to the axis shown in Fig. 1 . It shows a calculating model of grid division. It consists of hexagonal 7-bit lattices. The velocity vector of grid is expressed as
where a i ¼ pið2i À 1Þ=6; and C is velocity of grid:
A multi-speed lattice Boltzmann model is usually chosen for calculating the temperature change of the thermal flow, in which different speeds represent different energies [9] . The model, however, is not appropriate for simulating the heat and velocity field of the plasma jet because of the existence of great temperature and velocity gradient. In this paper, two sets of lattice Boltzmann equations with BGK collision operator are chosen in the following form: 
where i and a i are the direction number particles moving and percent of the i direction particles; f i and T i are distribution of density and temperature, respectively; f and T i ; s and s T are relaxation factors;x,c i and e are position vector, velocity vector and time step which has a minimal value; and _ q is the radiance per unit volume of plasma jet. The key to generating the correct macroscopic hydrodynamic equations is in the choice of the equilibrium distribution functions f ð0Þ i and T ð0Þ i [12] . These have the form 
To derive the macro equation of the plasma jet, the left items of Eq. (1) are expanded by Taylor series and, a multi-scale method (Eq. (3)), while the right items are expanded by the Chapman-Enskog method [13] .
Substituting the above expansions into Eq. (1), equations of the first and second order in e w are written as
The mass and the momentum are conserved in collisions
When Eqs. (4) and (5) are summed over the i velocity, the mass conservation equation to second order is
The momentum equation to the second order is obtained by multiplying the above equations by c i and then summing over velocities,
where Q ð0Þ and Q ð1Þ are the momentum flux tensors, defined as
Substituting Eq. (2) into Eqs. (9) and (10) and using the velocity moment relations on the hexagonal 7-bit lattice, it is obtained that
where d mn , p and c s are Kronecker delta, pressure (p ¼ qc Using Eqs. (11) and (12) for Eq. (8), the final form of the momentum equation is as follows:
where l e is the effective viscosity, l e ¼ ðs À 0:5Þeqc 2 s ¼ ðs À 0:5Þq=4. Using a similar deducing process, the energy conservation equation and the temperature relaxation factor can also be acquired as follows:
where C e = C + C t = k/C p + l t /Pr t , k is thermal conductivity, C p is specific heat and Pr t is Prandtl number. The macro temperature of the plasma jet satisfies the following equation:
In the deducing process, the coefficients of Eq. (2) are obtained as
LB subgrid turbulence model
A subgrid turbulence model for the lattice Boltzmann method is used here for consideration of the turbulent flow [14, 15] . The subgrid turbulence modeling is achieved by incorporating the turbulence stress relation of a large-eddy simulation (LES) into the lattice Boltzmann method modeling [15] [16] [17] . In LES the contribution of the large, energy-carrying structures to momentum and energy transfer is computed exactly, and only the effect of the smallest scales of turbulence is modeled. In LES every physical quantity is divided into a largescale quantity and a small-scale quantity [15] 
where / is a large-scale quantity which is obtained by a space filtering operation,
where K is a spatial filter function. Applying the filtering operation for the Navier-Stokes equations (Eqs. (7) and (13)), we obtain
where v is kinematic viscosity, which equals (s À 0.5)/4; R mn ð¼ v m v n À v m v n Þ is a subgrid stress tensor. According to Smagrinsky model, the anisotropic part of the subgrid stress tensor is modeled as
where S mn is a large-scale strain rate tensor, S mn ¼ Assume that the total effective viscosity v e consists of physical kinematic viscosity v 0 and the eddy viscosity term v t , then
According to Eq. (10) and non-equilibrium properties of the filtered particle distribution, non-equilibrium stress tensor, Q noneq mn , can be written as
Considering the relation between stress and strain in Eq. (12), the magnitude of the large-scale strain rate tensor, j S j, can be expressed as
Symbol s e is effective relax time. Utilizing Eqs. (21) and (23), j S j can be attained as the following:
In the simulations of the constant temperature flow by LBM, the diffusion coefficient is constant in evolution. But for the full length of the plasma jet, the temperature can vary up to ten thousand degrees and physical parameters such as v 0 , k, C p and _ q are temperature-dependent. To make the calculation accurate, the discrete data in the literature [1] are fitted to the curves by Matlab. A proper grid length is also chosen to make the diffusion coefficient of LB fit for the real coefficient magnitude. To ensure that the computing is valid, the fluid must be subsonic for LB. As mentioned above, the atmospheric pressure plasma jet satisfies this because the temperature of Ar plasma jet is up to 10 4 K and its maximum velocity is under 1000 m/s.
Bound conditions
For the symmetry of the plasma jet, a half calculating region is plotted in Fig. 2 . The left side OB is fixed bound expressed in Eq. (25). The left-up side BC adopts a non-slip rebound side; the central line OA is employed to symmetry side; the right side AD and the upper side CD are regarded as free bound.
where v 0 and T 0 are maximum values of the plasma axial velocity and the temperature at exit, respectively, and T w is the wall temperature of the gun.
Calculating process
1. Give the initial value of densities, temperatures and velocities of the whole field. 2. Calculate the magnitude of the large-scale strain rate tensor according to Eq. (24), the density relax factor and temperature relax factor according to Eqs. (15) and (21). 3. Calculate the values of left bound according to Eq. (25), the inner equilibrium distributions of density and temperature according to Eq. (2). Calculate the inner distributions for the particle flight according to Eq.
(1) and the distributions of bound. 4. Let the particles move a step, and record the flying-in distributions of density and temperature. 5. Calculate macro qualities such as mass, momentum, and temperature according to Eqs. (6) and (16), if the absolute difference of values between this and the last one is higher than the given small value, then go to step 2. 6. Save and output the values of temperature and velocity of the whole field.
Because the whole calculating process includes the collision and the flight of particles, it has a direct physical background.
Results and discussion
Validation of this model
The computing conditions are as follows: the calculation region is (8-16 mm) · (130-216.5 mm); the grid division is ((16-32) · (150-250)) * n, where n is decided by diffusion coefficient magnitude. The beginning values of LB evolution are given asṽ ¼ 0, q = 0.02 kg/m 3 , T = 300 K. For convenience, dimensionless parameters are used in the calculation. The plasma is spraying in the air, the working gas is Ar and the diameter of the gun is 8 mm. The total effective viscosity of the plasma jet is calculated by Eq. (21) and the turbulent flow effect is decided by the sub-grid turbulence model. When the constant of the Smagorinsky model equals 0.008, the calculation results of the plasma jet along the jet centerline are compared with simulation and experimental results in paper [1] , shown in Fig. 3 . It can be seen from Fig. 3 that the simulation results by LBM and the sub-grid turbulence model agree with the experimental data given in paper [1] . The distribution trend of the velocity and the temperature distribution along the jet centerline are the same as that reported in paper [1] .
Inlet velocity on jet
In Fig. 4 shows that when other conditions are the same, the flow characteristics of the plasma jet change with the jet-inlet velocity. It can be seen from Fig. 4 that there is no big variation of the isotherm distribution of flow field of the turbulent plasma jet compared with the change of the inlet velocity. When the inlet velocity of the plasma jet changes from 400 m/s to 700 m/s, the average extent of the velocity isotherm distribution is about 4 mm. And when the inlet velocity of the plasma jet changes from 500 m/s to 700 m/s, the average extent of the velocity isotherm distribution is about 3 mm. The temperature distribution of the plasma jet hardly changes though the variation extent of the inlet velocity attains several hundred meters per second. The calculation results accord with the experimental results in the published documents [17] [18] [19] . The experiments in the paper indicate that the jet field distribution and length of laminar plasma increase greatly with the increase of arc current and gas flow rate. But due to the effect of turbulence dissipation, the variety of jet field distribution and length of turbulent plasma are not obvious with change of the inlet velocity and temperature brought by the change of arc current and gas flow rate [17] [18] [19] . Fig. 4 also shows that the axial temperature gradient near the high temperature is higher than 200 K/mm and the velocity gradient attains 10 (m/s)/mm near a high-velocity zone, as in accordance with the experiments and simulations by the conventional method [17] [18] [19] [20] . Fig. 5 shows that along the centerline, the plasma jet temperature with higher inlet temperature declines faster under the same inlet velocity. Though at the same position the temperature with higher inlet temperature is still higher along the centerline, the length of the plasma jet is hardly affected by the inlet temperature. So enhancing the electric current can increase the inlet velocity and temperature, can accordingly increase the local temperature and the velocity distribution of the jet, but cannot obviously change the length of the turbulent plasma jet [17] [18] [19] . Fig. 6 illustrates a flow field of the atmospheric plasma jet. In Fig. 6 , v 0 = 520 m/s, T 0 = 13340 K. Fig. 6(a) presents the flow process of the jet as the LB evolution proceeds. Fig. 6(b) is the local enlarged flow field near the exit of the nozzle. The process of the plasma flow can be seen clearly according to Fig. 6(a) and (b) as the evolution proceeds. It can be seen from Fig. 6 that the plasma jet approaches a stable state after 2000 steps. 6(a) shows that the radial outspread and radial velocity of the jet are relatively obvious when the jet is just sprayed from the plasma nozzle. The radial velocity becomes small when the flow field attains a stable state. The closer the site along the section is to the jet axes, the smaller the radial velocity is. From the upper part of the jet to the lower part, the flow changes from a normal distribution to a parabolic distribution.
Inlet temperature on jet
Flow field of velocity
Conclusions
1. The LB plasma jet model is developed in this paper. The simulation by a current model is faster than that by the conventional methods because there is no iterative calculation in the simulation process. The method is feasible when v 0 is less than the local sound. The atmospheric pressure plasma jet meets the demand. 2. The plasma jet centerline temperature and the axial velocity obtained by the present model are comparable with those obtained by previous models and measurements. The LB plasma jet model, however, is found to be simpler and more intuitionistic than the traditional SIMPLE (or SIMPLEC) method. There is no need to solve the large equations set and to use stagger grids. Also, the bound is easy to be determined by LBM. 3. The statistic of LB equation depends on the time, so it is convenient for computing the non-steady fluid and also feasible for the steady fluid. In this paper, the fluid field can reach a steady state after 25 times of the number of axial grid. 4. Due to the effect of turbulence dissipation, the variety of jet field distribution and length of turbulent plasma are not obvious with increase of the inlet velocity and temperature brought by the enhancement of arc current and gas flow rate. Compared with the velocity at the inlet, the temperature at the inlet has a less influence on the characteristics of the plasma jet. 
